Dynamic characteristics of the herringbone grooved gas journal bearings (HGGJB) under fluid-structure interactions are systematically investigated using the finite element method. Stability and bearing capacity of the HGGJB are estimated and compared with those of the plain gas journal bearings (PGJB). Influences of the structural parameters, including the spiral angle, the groove number, the groove depth, the pressure relief hole diameter, the bearing radial clearance, the length to diameter ratio, and the rotating speed, on dynamic characteristics of HGGJB are analyzed. To verify the numerical simulation results, pressure nephograms and cross-section pressure curves of the same rotor model, calculated by the numerical simulation and the theoretical method, respectively, are compared. Similar results are obtained. Compared to the common constrained boundary conditions in the previous numerical simulations, boundary conditions adopted in this paper are complete self-absorption and the change of the gas inlet and outlet depends on the rotating state of the rotor, which are more accordant with the real dynamic characteristics of the HGGJB. In all, the results presented in this paper provide a deeper and better understanding of the dynamic characteristics of the HGGJB under fluid-structure interactions.
Introduction
As a vital part of the rotor system, the herringbone grooved gas journal bearings (HGGJB) have important applications in high speed, rotating machinery (such as those found in textile machinery, refrigerator, gas recycling system, and so on) due to their attractive stability characteristics. This advantage is very important for journal concentric operation within the bearing annular space since herringbone grooves can inhibit the whirl instability which often occurs in the self-acting journal bearings [1] .
To deeply and completely understand the dynamic characteristics of the HGGJB, a lot of research has been done. Zirkelback and San Andrés [1] introduced the finite element analysis for prediction of the static and dynamic responses of a rotor supported by HGGJBs. The optimum dynamic coefficients were determined through analysis of the bearing geometry parametric. Jang and Chang [2] investigated the effects of cavitation on the performance of a herringbone grooved journal bearing of the spindle motor in a computer hard disk drive. The Reynolds equation incorporating Elrod algorithm was transformed to computational space and solved by the finite volume method. Jang and Yoon [3] performed the nonlinear dynamic analysis of a herringbone grooved journal bearing with plain sleeve and a plain journal bearing with herringbone grooved sleeve under static and dynamic load, where FEM is used to solve the Reynolds equation in order to calculate the pressure distribution in a fluid film. Rao and Sawicki [4] analyzed stability characteristics of the herringbone grooved journal bearings taking into account cavitation of the fluid flow. Based on the experimental method, Gad et al. [5] introduced the beveled-step groove profile to obtain the optimum groove geometry for herringbone grooved journal bearings. The group of Cheng-Chi Wang performed bifurcation analysis of an aerodynamic journal bearing system considering the effect of stationary herringbone grooves [6] .
Shock and Vibration
They also theoretically studied the nonlinear behavior of the flexible rotor supported by HGGJB [7] , a relative short HGGJB system [8] , and the spherical gas-lubricated bearing system [9] , respectively. Hirayama et al. [10] discussed the optimization of groove dimensions in herringbone-grooved journal bearings with the aim of designing precision spindles with improved run-out characteristics. Based on the use of frequency dependent dynamic coefficients and on the rational function approximation of the resulting impedances, Hassini and Arghir proposed a novel simplified method for simulating large nonlinear displacements [11] and stability analysis in gas lubricated bearings [12, 13] . This method avoids solving the unsteady compressible thin film fluid equations, can be applied to any bearing or seal whose impedance is approximated by rational transfer functions, and is applicable for both rigid and flexible rotors. Schiffmann and Favrat [14] compared the influences of the real gas and the perfect gas on herringbone grooved journal bearings and encouraged bearing designers to carefully consider the real gas effects. Chen et al. [15] analyzed the HGGJB with groove-ridge discontinuity and obtained the distribution of the pressure in the fluid film. Schiffmann [16] found the optimum groove geometry by coupling the gas bearing supported rotor model with a multiobjective optimizer and attempted to set up general design guidelines for enhanced gas-lubricated herringbone grooved journal bearings.
However, most of the above-mentioned researches investigated either the static characteristics and the dynamic coefficients of HGGJB in steady state or the optimization of only one parameter of the HGGJB or a new method for stability analysis of the HGGJB. A systematic study about the influences of all the related parameters on dynamic characteristics of the HGGJB has seldom been done. Therefore, in this paper, through the commercial software Ansys5, the dynamic characteristics of the HGGJB under fluid-structure interactions are systematically studied. First, to verify the correctness of the numerical simulations carried out in this paper, the pressure nephograms and the cross-section pressure curves of the same rotor model, calculated by the theoretical method and the numerical simulation, respectively, are compared. Then, to highlight advantages of the HGGJB, the stability and bearing capacity of the HGGJB are compared with those of the plain gas journal bearings (PGJB). Finally, the effects of different parameters, including the spiral angle, the groove number, the groove depth, the pressure relief hole diameter, the bearing radial clearance, and the length to diameter ratio, on dynamic characteristics of the HGGJB are given one by one. At the same time, effect of the bearing capacity on rotor trajectory of the HGGJB is shown.
In the previous numerical simulations on dynamic characteristics of the HGGJB, the boundary conditions are usually constrained. In this paper the boundary conditions of the HGGJB are complete self-absorption and the change of the gas inlet and outlet depends on the rotating state of the rotor, which confirm better to the real dynamic characteristics of the HGGJB. 
The Geometric Model of the Rotor System and the Finite Element Model
First, the geometrical model of a rotor system and the finite element model used for analyzing the rotor system under fluid-structure interactions are described. The details of fluidstructure interactions are given in Appendix A. Figure 1 shows the typical geometry of a journal bearing rotor structure, in which the gas film can be plain type (Figure 2(a) ) or herringbone groove type (Figure 2(b) ). A compressible gas fills the space between the stationary bearing and the rotating journal. The fixed basic parameters of the rotor system are given in Table 1 . The width 0 of the disk varies with the bearing capacity and the length 1 of the bearing pedestal varies with the length to width ratio of the bearing. The models given in Figures 1 and 2 are used to analyze the fluid-structure interactions of the rotor bearing system through the FEM. Figure 3 depicts the mesh of the journal bearing rotor structure. Local grids of the plain and the herringbone groove gas films are shown in Figures 4(a) and 4(b), respectively. Both the rotor structure and the gas film are divided into hexahedral grids. Compared to the unstructured tetrahedral grid, the hexahedral grid structure has higher calculation accuracy and better quality of grid, especially for the gas film clearance flow problem. It can greatly reduce the number of grids and improve the calculation efficiency at the same precision.
The Geometric Model of the Rotor Structure.

The Finite Element Model.
To describe rotor's trajectory, the dynamic grid technology is used. The boundaries are the opening inlet and outlet. The initial position is the centre of the bearing pedestal. In process of the fluid-structure interactions, the bearing gas film deforms due to the load from the rotor (Figures 5 and 6 ). The grid deformation could reflect the dynamic performance of the rotor system during the calculation process. Dynamic grid technique could completely describe the rule of the rotor-bearing system. 2.3. The Grid Sensitivity Analysis. In order to eliminate the influence of the grid number, the grid sensitivity is analyzed ( Table 2 ). The parameters of the model are the optimized parameters which will be discussed in Section 3. From Table 2 it is easy to see that the eccentricity decreases with the increase of the grid number and it is almost the same when the grid number increases from 15897792 to 30879884. In order to increase the calculation efficiency, 15897792 is selected for the grid number.
Verification of the Numerical Simulations
The pressure nephogram reflects the bearing pressure distribution under certain bearing capacity and rotating speed. And the cross-section pressure curves can be more intuitive to reflect the rule of circumferential pressure distribution. To verify the correctness of the numerical simulations carried out in this paper, the pressure nephograms and the crosssection pressure curves of the same rotor model for the HGGJB and PGJB, obtained, respectively, by the theoretical method and the numerical simulation, are compared in this part. The parameters for the HGGJB are the following optimized parameters: groove number 12, spiral angle number 45 ∘ , groove depth 50 m, pressure relief hole diameter 3 mm, bearing radial clearance 50 m, and length to diameter ratio 1.2. In addition, the recess width ratio is fixed and it is 1 : 1. The rotating speed of the rotor and the bearing capacity are kept at 10000 r/min and 2 kg. The parameters of the PGJB are given in Table 3 , and the bearing capacity is 0.5 kg.
To theoretically analyze the pressure of the PGJB and the HGGJB, usually the method of the similarity theory is adopted to derive the dimensionless form of the Reynolds equation and then solve the Reynolds equation through the finite difference method in which the Reynolds equation is transferred from the rectangular coordinate system to the oblique coordinate system. The details of the finite difference method are given in Appendix B.
The dimensionless Reynolds equation for the PGJB in the rectangular coordinate system is
where = 1 + cos ( = / 0 ), = 2 / ( is the length of the bearing), = ℎ/ 0 ( 0 is the clearance of the radius), and = 2 /2Ω ( = 0 / is the ratio of the clearance).
Through the following coordinate transformation (Figure 7 ): the Reynolds equation is transferred from the rectangular coordinate system (in (1)) to the oblique coordinate system for HGGJB as
in which the gas film thickness under the oblique coordinate system is
Discretizing the bearing lubrication film and solving the Reynolds Eqs. (1) and (3) through the finite difference method gives the pressure nephogram of the rotor system and the corresponding circumferential pressure distribution curve of the cross-section for the PGJB (Figure 8 ) and HGGJB (Figure 9 ), respectively. In the calculation, the environmental, symmetric, and periodic boundary conditions for the finite difference method are, respectively, as follows:
( , ) = ( , + 2 ) .
Comparing the pressure nephograms by the theoretical method (Figures 8(a) and 9(a)) [2] and the numerical simulation (Figures 8(b) and 9(b) ) [17] , respectively, it is easy to reveal that the pressure nephogram distribution changing rule is similar. The maximum pressure peak appears in the position of the largest eccentricity. Positive and negative pressures distribute along the circumference. Comparing the pressure nephograms of Figures 8 and 9 , respectively, it is easy to find that the pressure of the HGGJB is more than the PGJB. The reason is that the HGGJB have more stable bearing capability than the PGJB. Also the change rule of the crosssection pressure values (Figures 8(c) and 9(c) ) is similar on a whole, respectively, and all of them have a pressure peak in the biggest eccentric the same as the pressure nephogram. Besides, the trend of [15] .
To sum up, for the PGJB and HGGJB on the whole both the pressure nephograms and the cross-section pressure curves calculated by the theoretical method and the numerical simulation are similar, respectively, illustrating correctness of our numerical simulations.
Analysis of the Calculation Results
In Sections 4.1 and 4.2, the parameters used for the HGGJB and PGJB are the parameters mentioned at the beginning of Section 3. The widths 0 of the disk corresponding to the bearing capacities 0.5 kg, 1 kg, 2 kg, and 2.5 kg are 7.5 mm, 15 mm, 30 mm, and 37.5 mm, respectively. And the lengths 1 of the bearing pedestal corresponding the length to width ratios of the bearing capacities 0.8, 1.0, 1.2, and 1.6 are 40 mm, 50 mm, 60 mm, and 80 mm, respectively. In Section 4.3, influence of each parameter on dynamic characteristics of the HGGJB is analyzed, respectively, which is the only studied parameter that varied, whilst the other parameters keep the above-mentioned values.
Stability of the HGGJB Comparing with the PGJB.
To highlight the advantage of the HGGJB in stability comparing with that of the PGJB, the rotor trajectory and the polar coordinates of the PGJB (Figure 10 ) and the HGGJB (Figure 11 ) at the rotating speed of 10000 r/min and under different bearing capacities, = 1 kg, 2 kg, and 2.5 kg, are presented. The polar coordinate indicates that position of the rotor centre is at steady state. One finds that with the increase of the load bearing capacity the rotor eccentricity increases but the deviation angle decreases.
Basic operating parameters of the PGJB, including length L, radius and rotating speed of the gas bearing, clearance of the gas film 0 , pressure of the atmosphere , viscosity of the air , and the number of bearing, are shown in Table 3 . Basic operating parameters of the HGGJB are already introduced at the beginning of Section 3; here we do not repeat them anymore and we also will not mention them anymore in the following parts. The initial condition is that the rotor begins to rotate from the center of the bearing under the standard atmospheric pressure.
From the trajectories shown in Figures 10(a) and 11(a), with the same rotating speed and the bearing capacity, we find that when the PGJB rotor operates in periodic whirling motion, the HGGJB rotor can settle in an equilibrium position all the time. So the HGGJB has higher stability. The reason is that the existence of herringbone grooves makes the sucked gas flow to the middle position of the agglomeration, increasing the stability of the flow. At the same time, the existence of the herringbone grooves inhibits the regular periodic whirling motion of the shaft center, making the HGGJB rotor more stable. Figure 10 (a) also shows that with the increase of the bearing capacity the rotating inertia increases, which makes the periodic whirling motion trajectory of the PGJB ovate from elliptic and the periodic whirling motion range becomes bigger and bigger.
The rotor trajectory of the HGGJB (Figure 11(a) ) reveals obviously that the stability is becoming stronger with the increase of the bearing capacity and the time needed to reach the steady state is becoming shorter. On the other hand, the stability is becoming weaker with the decrease of the bearing capacity and the rotor trajectory tends to be unstable, which implies that the HGGJB is instable at the light load.
Further, we compare the polar coordinates of the HGGJB (Figure 11(b) ) with that of the PGJB (Figure 10(b) ), which reflect the change of the eccentricity and attitude angle of the rotor centre under different bearing capacities. Apparently the periodic whirling motion center of the PGJB attitude angle is relatively larger, which has more than 90 degrees under the light load. This indicates that the PGJB is in the unsteady periodic whirling motion state, while the attitude angle of the HGGJB (Figure 11(b) ) is less than 90 degrees, which means that the HGGJB rotor is in a stable transient rotating motion.
To sum up, under the same rotating speed and bearing capacity, the HGGJB is more stable than the PGJB.
Bearing Capacity of the HGGJB Compared with the PGJB.
To further highlight the advantage of the HGGJB, in this part, the maximum stable loading capacity of the HGGJB is compared with that of the PGJB. For this purpose, the rotor trajectory and polar coordinates of the HGGJB and PGJB under the same rotating speed, 10000 r/min, are given in Figures  12(a) and 9(b) , respectively. Here, basic parameters of the PGJB are still those shown in Table 3 and the bearing capacities for the PGJB and HGGJB are 0.5 kg and 2 kg, respectively.
From Figure 12 (a) we can see that the herringbone groove bearing moves quickly to achieve a stable equilibrium state after a few spiral laps from an origin position. For the plain bearing with poor flow regularity, it needs more spiral laps from the origin of coordinates to the equilibrium position. The bearing capacity for the PGJB is 0.5 kg in this case. When the bearing capacity is increased, the plain bearing will become unstable and the bearing periodic whirling motion phenomenon will appear.
From the polar coordinates of Figure 12 (b), it is apparent that the stable center of the plain bearing is more near to the center of the bearing, implying that the plain bearing is more sensitive to the external disturbance excitation, while the herringbone groove bearing center is far away from the bearing center, meaning that the HGGJB can run more stably. In conclusion, both comparisons of the rotor trajectory and polar coordinates illustrate that under the same rotating speed the stable bearing capacity of the HGGJB is larger (2 kg/0.5 kg = 4 times) than that of the PGJB. Figure 13 .
Influences of the Structural and Operation Parameters on
From Figure 13 (a), we can see that with the increase of the spiral angle, the transient fluctuation decreases first then increases and the final equilibrium position migrates downward along the -axis. When the spiral angle reaches 90 ∘ the periodic whirling motion appears. This indicates that the air collection of the constraint function is becoming stronger then weaker with the spiral angle increasing.
At the same time, the polar coordinates of Figure 13 (b) show that with the increase of the spiral angle, the eccentricity decreases, and the attitude angle is reduced accordingly. It is consistent with the rotor trajectory. When the spiral angle is 45 ∘ , the equilibrium position is (17.74, 37.64) and the HGGJB acquires higher stability compared with the spiral angles 30 ∘ , 60 ∘ , and 90 ∘ cases. When the spiral angle is 90 ∘ , the periodic whirling motion center elevates. Because the rotor operates in a small periodic whirling motion finally for both the 30 ∘ and 60 ∘ cases and this phenomenon is more obvious for the 90 ∘ case, it indicates that the spiral angle should be neither too big nor too small.
The Groove
Number. In this part, the effect of the groove number on dynamic characteristics of the HGGJB is studied. For this purpose, the rotor trajectory and polar coordinates of the HGGJB under different groove numbers = 10, 11, 12, 14 are depicted in Figure 14 . From Figure 14 it is easy to see that when the groove number is less than or larger than 12, the transient rotating motion of the rotor is unstable in a region as it approaches the equilibrium position. In fact, the rotor cannot settle at a fix equilibrium point but whirls around a small area eventually if the groove number is less than or larger than 12.
With the groove number increasing from 10 to 12, the fluid is becoming more regular and, when it is 14, the fluid becomes irregular. With the groove number increasing from 10 to 12, the eccentricity and attitude angle increase and they decrease when the groove number is 14.
The Groove Depth.
To reveal the influence of the groove depth on dynamic characteristics of the HGGJB, rotor trajectory and polar coordinates of the HGGJB under different groove depths 1 = 25, 50, and 75 m are depicted in Figure 15 . One finds that when the groove depth is 25 m, the rotor settles at a periodic whirling motion with the minimum eccentricity and the largest attitude angle. When the groove depth is 75 m, the transient rotating motion is unstable, whereas it approaches to transient rotating motion at the fixed equilibrium position finally with the large eccentricity and low attitude angle. When the groove depth is 50 m, the eccentricity and attitude angle are between the above two kinds of states.
The Pressure Relief Hole Diameter.
To analyze the influence of the pressure relief hole diameter [18] on dynamic characteristics of the HGGJB, rotor trajectory and polar coordinates of the HGGJB under different pressure relief hole diameter 2 = 0, 2, 3 mm are given in Figure 16 . Obviously, the rotational attitude angle and the eccentricity stability gradually increase with the increase of the pressure relief hole diameter. Specially, when the pressure relief hole diameter is 0 mm, the bearing outlets become the air inlet and outlet at the same time, which leads to the bearing gases colliding each other in the process of the flow, thus producing internal selfexcited vibration and affecting the movement of the rotor. With the pressure relief hole diameter increasing from 0 mm to 2 mm, the eccentricity and the attitude angle increase obviously; correspondingly the stability increases. With the pressure relief hole diameter increasing from 2 mm to 3 mm, the eccentricity changes a little but the attitude angle increases significantly, still meaning that the stability of the rotating rotor is increased. Apparently, the bigger the pressure relief hole diameter, the better the performance of the HGGJB. This indicates that the significance of the pressure relief hole diameter on the performance of HGGJB is to regulate the gas suction and pump out and restrain the motion of the gas in the middle of the HGGJB and thus make the rotor operate more stably.
The Bearing Radial Clearance.
Influence of the bearing radial clearance on dynamic characteristics of the HGGJB is revealed by Figure 17 for = 25, 50, and 75 m. One finds that when the bearing radial clearance is 25 m, the eccentricity and attitude angle are relatively small, and the transient fluctuation is also slight. When the bearing radial clearance increases to 50 m, the rotor is transient rotating motion in the stable position, whereas the attitude angle and eccentricity increase accordingly. As the film thickness increases to 75 m, the rotor motion becomes unstable in the last stage. The attitude angle and eccentricity increase continuously and the former reaches more than 90 degrees eventually. So for the examples studied above, 50 m is the optimized bearing radial clearance. The result indicates that the bearing radial clearance should be the same as the groove depth. 
The Length to Diameter Ratio.
Influence of the length to diameter ratio / on dynamic characteristics of the HGGJB is revealed by Figure 18 for / = 0.8, 1, 1.2, 1.6. It is obvious that the length to diameter ratio has great influence on dynamic characteristics of the HGGJB. With the increase of the length to diameter ratio, the stability of the rotating rotor is increased. Whilst the attitude angle increases, the eccentricity has experienced a process of decreasing. The eccentricity and the attitude angle reflect the bearing capacity. The bigger the attitude angle and the smaller the eccentricity, the more improvement of the rotating change space of the rotor. So the maximum bearing capacity will increase with the attitude angle increasing and the smaller the eccentricity decreasing. Therefore, increasing the length to diameter ratio can effectively improve the bearing capacity.
Conclusions
In this paper, dynamic characteristic of the HGGJB under fluid-structure interactions are systematically studied using CFD and FEM method. Some conclusions are as followings:
(1) Under the same rotating speed and bearing capacity, the HGGJB have higher stability ability than the PGJB.
(2) The spiral angle, the film thickness, the groove number and the groove depth should be neither too big nor too small. The bigger the pressure relief hole diameter and the length to diameter ratio, the more stable the HGGJB.
(3) Due to the constraints of the herringbone grooves, the air flows from the herringbone groove to the middle part of the bearing which makes the air distribution more regular and thus increases the stability of the rotor system. This is the fundamental reason why the HGGJB are superior. nodes on each grid must be mapped to the corresponding grid cell. To transfer displacements, the nodes of the fluid coupling surface must be mapped to the solid coupling cell.
To transfer the stress, the nodes of the solid coupling cell must be mapped to the fluid coupling surface. That is to say, for one time of node coupling, two times of data transfer must be implemented.
B. Basic Principle of the Finite Difference Method
To calculate pressure distribution of the gas bearing by the finite difference method, the gas film needs to be divided into many grids. For a cylindrical bearing, the outer surface is expanded into a rectangular face along the generatrix and then evenly meshed in and directions, as shown in Figure 20 .
The mesh nodes are numbered orderly according to the row and column they belong to. The numbers are designated as ( = 1, . . . , + 1) and ( = 1, . . . , + 1), and then the space steps are Δ = ( 2 − 1 )/ and Δ = / , respectively. The pressure at node ( , ) is .
For herringbone bearing structure, after expansion, its surface is segmented by grooves. Parallel quadrilateral mesh along the groove is then used in the computation as shown in Figure 21 . Areas and contain the nodes only in and out of the groove, respectively, whereas areas and contain both of them. 
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